To evaluate the concept that in vivo transfer of the human carboxylesterase gene will confer sensitivity of a solid tumor to the prodrug CPT-11 (irinotecan), we constructed an adenovirus vector (AdCMV.CE) carrying the human carboxylesterase gene driven by the cytomegalovirus (CMV) promoter, infected A549 human lung adenocarcinoma cells in vitro and in vivo, and evaluated cell growth over time. 
Introduction
Irinotecan; 7-ethyl-10-[4-(1-piperidino)-1-piperidino] carbonyloxy-camptothecin (CPT-11), 1 a camptothecin analogue that functions as an inhibitor of mammalian DNA topoisomerase I, is a chemotherapeutic agent that is active against lung, cervical, ovarian, and colorectal tumors, as well as leukemias and lymphomas (1) (2) (3) (4) (5) . Structurally, CPT-11 is unique among the camptothecins because of the bulky piperidino side chain located at the C-10 position (6) . This side chain can be cleaved enzymatically by carboxylesterase to SN-38 (7-ethyl-10-hydroxycamptothecin) , that functions as a topoisomerase I inhibitor that is 1,000-fold more potent than CPT-11 (7) . Since carboxylesterase (CE) activity is found in serum, liver, intestines, and other sites, CPT-11 is classified as a "prodrug", that is activated in vivo to the more potent SN-38 (8) . In contrast to CPT-11 which is soluble in aqueous solutions, SN-38 is insoluble, and thus not useful as a chemotherapeutic agent, despite its potency (9) . Although CPT-11 is now available as a chemotherapeutic agent for some indications, its usefulness is limited by dose-dependent toxicity, primarily diarrhea and granulocytopenia (10) . In part, this may be due to the genetically determined variability of available carboxylesterase activity, resulting from individual to individual variation in the total amount of SN-38 generated for a given dose of CPT-11 (11) .
Theoretically, one strategy to circumvent the toxicity of CPT-11 would be to transfer the carboxylesterase gene directly to the tumor, then administer the CPT-11 directly to the tumor, i.e., a regional chemotherapeutic strategy where the prodrug CPT-11 would be converted to the more active SN-38 within the tumor, consequently maximizing the exposure of the tumor cells to the active agent while limiting systemic concentrations of these drugs and thus the systemic toxicity associated with the conventional use of CPT-11. To evaluate this chemotherapeutic paradigm, we constructed a recombinant, replication deficient adenovirus vector coding for the human carboxylesterase cDNA and have used the combination of local delivery of this gene transfer vector and CPT-11 to suppress the growth of lung tumor cells.
Methods
Adenovirus vectors. Two Ad vectors were used in this study: AdCMV.CE (expressing the human carboxylesterase cDNA driven by the cytomegalovirus promoter/enhancer [CMV]) and AdCMV.Null (identical, but with no transgene) (12) . To construct the AdCMV.CE vector, unique restriction sites were added to a fragment of 1.7-kb human carboxylesterase cDNA (a gift of D.L. Kroetz, University of California, San Francisco, CA) (13) to facilitate subcloning into the KpnI and SpeI multiple cloning site of the Ad expression plasmid pCMV.SV2 ϩ (14) . After the sequencing for full length cDNA to insure fidelity, the resulting shuttle plasmid (pCMV.CE) was cotransfected into 293 cells with pJM17 plasmid containing the Ad type 5 genome by calcium phosphate precipitation (15) (16) (17) (18) . The recombinant AdCMV.CE vector was isolated from a single plaque, expanded in 293 cells, and purified by double cesium gradient ultracentrifugation, and dialysis (18) . The titer of the purified Ad was determined using 293 cells as previously described (18) .
Materials. The lung carcinoma cell lines A549, H157, SK-MES1, H292, Calu6, H82, H520, H345, the colorectal cancer cell line HT29, and the cervical cancer cell line HeLa were obtained from American Type Culture Collection (ATCC, Rockville, MD). The lung carcinoma cell line HS24 were provided by W. Ebert, Thraxklinikum Heidelberg-Rohrbach (Heidelberg, Germany). A549, SK-MES1 were grown in minimal essential media (GIBCO-BRL, Gaithersburg, MD) with 10% fetal bovine serum, 50 U/ml penicillin G, and 50 g/ml streptomycin. H157, H292, Calu6, H82, H520, H345, HS24, and Hela were grown in RPMI1640, and HT-29 were grown in McCoy's 5A with fetal bovine serum and antibiotics in same concentration. CPT-11 and SN-38 were kindly provided by Yakult Honsha Co. Ltd. (Tokyo, Japan).
In vitro expression of the carboxylesterase cDNA. The expression of the carboxylesterase cDNA following in vitro transfer with the AdCMV.CE vector was evaluated at the mRNA and protein levels. To evaluate the expression of the AdCMV.CE vector at the mRNA level, A549 cells (5 ϫ 10 6 ) were plated in a 15-cm culture dish (Falcon, Franklin Lakes, NJ), and after 16 h, the cells were infected with AdCMV.CE or AdCMV.Null (30 moi) in serum-free MEM. After 90 min, the culture medium was replaced with fresh serum containing medium, and the cultures continued for 48 h. Total RNA extracted from the cells was evaluated by Northern analysis (10 g/ lane) using hybridization with a 32 P-labeled 1.7 kb full-length human carboxylesterase cDNA probe (19) . As a control, the membrane was then stripped and probed with a 32 P-labeled glyceraldehyde-3-phosphate (GAPDH) probe (20) .
To demonstrate that a functional carboxylesterase enzyme was expressed in the A549 cells infected with the AdCMV.CE vector, the whole-cell extract was prepared by sonication and centrifugation (14,000 rpm, 30 min). A reaction mixture was prepared in 200 l containing 4 l of whole-cell extract, 1.6 mM p -nitrophenyl acetate and 100 mM Tris-HCl, pH 8.0; the mixture was then incubated in a 96-well plate at 23 Њ C. The optical density at 405 nm was measured continuously for 10 min to detect the metabolite of the carboxylesterase reaction ( p -nitrophenol) using a microplate reader (Model 450; BioRad, Hercules, CA) (21).
To evaluate the precursor/product relationship of CPT-11 and SN-38 after AdCMV.CE infection of A549 cells and the addition of CPT-11 to the cultures, A549 cells (10 7 ) were infected with Ad-CMV.CE or AdCMV.Null (50 moi) and incubated in culture plates with medium containing 100 M CPT-11 at 37 Њ C for 10, 20, 40, 60, and 120 min. After two washings with ice cold PBS, pH 7.4 the cells were sonicated and centrifuged (14,000 rpm, 30 min). The CPT-11 and SN-38 content of the supernatant was quantified by a modification of the high performance liquid chromatography method of Barielo et al. (22) using a C 18 reversed phase column ( Bondapak, 10 m, 3.9 ϫ 300 mm; Waters Associates, Milford, MA) preceded by a C 18 Novapak guard column. Detection was monitored by a Waters 484 tunable absorbance detector (Waters Associates) at 370 nm wavelength. The mobile phase (flow rate 0.6 ml/min) was acetonitrile-0.1 M potassium dihydrogen phosphate (35:65) containing 3 mM sodium heptane sulphonate (pH 4.0). Camptothesin (Sigma Chemical Co., St. Louis, MO) was used as an internal standard.
Cytotoxicity. Cytotoxicity of the infected cells following infection with Ad vector Ϯ CPT-11 was measured using a 3-[4,5-dimethylthizol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) assay (23) . Cell lines (4 ϫ 10 3 ) infected with AdCMV.CE or AdCMV.Null (50 moi) were seeded and incubated with CPT-11 (0.1 to 100 g/ml) for 72 h. After 4 h of incubation with MTT substrate (10 mg/ml), the media was removed and DMSO was added. The optical density at 540 nm was measured using a microplate reader. The cytotoxicity of each cell line was evaluated as: ⌬ IC 50 ϭ (50% inhibitory concentration [IC 50 ] value after infection with AdCMV.Null [moi 50])/(IC 50 value after infection with AdCMV.CE [moi 50]).
Bystander effect. Two approaches were used to examine whether AdCMV.CE-mediated transfer of the carboxylesterase cDNA combined with exposure to CPT-11 resulted in a "bystander effect," where cytotoxicity was observed in cells in addition to those infected with the AdCMV.CE vector. First, A549 cells were infected in suspension with AdCMV.CE or AdCMV.Null (50 moi) or left uninfected, then allowed to adhere. After 72 h, cells were resuspended in media containing CPT-11 (10 g/ml) and mixtures (0-100%) of infected cells were plated in a 96-well plate, giving a total of 4 ϫ 10 3 cells/well. These cell mixtures were maintained in culture for 72 h, and the viable cell number was then assessed using a MTT assay (23) . Second, to determine whether this bystander effect was dependent on cell-to-cell contact or whether mediated by active metabolites liberated from cells expressing the carboxylesterase gene, A549 cells (10 6 cells/dish) were infected in suspension with AdCMV.CE or AdCMV.Null (50 moi), or no virus, then after 90 min, the culture medium was replaced with fresh serum containing medium, and the culture contained for 24 h. The media was aspirated and the cells washed with PBS to remove any remaining free virus. The media was replaced with media containing 10 g/ml CPT-11 and incubated for 24 h. This media was collected and serial dilutions were made with fresh serum containing media, transferred to triplicate monolayers of naive A549 cells (4 ϫ 10 3 cells/well) in a 96-well plate, and incubated (72 h, 37 Њ C). Viable cell number of the A549 cells then was assessed using the MTT assay.
In vivo evaluation of AdCMV.CE. To demonstrate that local administration of AdCMV.CE vector resulted in the expression of carboxylesterase within the tumor, A549 cells (8 ϫ 10 6 ) were injected subcutaneously in the flanks of athymic Balb/c nu/nu mice (Charles River Laboratories, Wilmington, MA). Established tumors (4-10 mm 2 ) were injected with AdCMV.CE or AdCMV.Null (10 9 pfu) using a 28-gauge needle directed to three sites. After 5 d, a total of 100 l of CPT-11 (100 M) was then administered to three sites within the tumor using a 28-gauge needle, the animals were killed, and the tumor masses were harvested. mRNA expression, carboxylesterase activity, and intracellular concentration of CPT-11 and SN-38 were determined in the tumor lysates as described above for the in vitro studies.
To determine if the combination of local administration of AdCMV.CE and local administration of CPT-11 could suppress the growth of tumors in vivo, A549 cells (8 ϫ 10 6 ) were injected subcutaneously in the flanks of athymic Balb/c nu/nu mice. After 7 d, randomized tumors of comparative size were administered AdCMV.CE (10 9 pfu) or AdCMV.Null (10 9 pfu) followed by CPT-11 (each n ϭ 9) or PBS ( n ϭ 8). The vectors or PBS were delivered intratumorally in a 100-l volume on day 8. After 24 h, the animals received once daily intratumoral injections of 100 l of CPT-11 (10 g/ml) or PBS until day 15. Using the same methods, suppressions of the tumor growth with the AdCMV.CE/CPT-11 and controls were evaluated using the H157 and HeLa cell lines as sources of the tumors. Tumor size was measured in a blinded fashion using calipers every 3 d up to day 34. Tumor size was calculated using two dimensions as the product of width ϫ length (24) .
To determine if there were adverse systemic effects from the AdCMV.CE/CPT-11 system, white blood cell counts, blood platelet counts, and body weight were compared in each group 15 d after tumor implantation.
Results
In vitro expression. In vitro evaluation of the AdCMV.CE vector demonstrated that it functioned to express the carboxylesterase cDNA at the mRNA and protein levels. Northern analysis revealed 1.7 kb mRNA transcripts of the carboxylesterase cDNA in A549 cells infected with AdCMV.CE, but not in cells infected with a control vector (Fig. 1) . After AdCMV.CE infection of A549 cells, carboxylesterase activity increased with time, with a Ͼ 40-fold increase by 72 h ( P Ͻ 0.001, all comparisons to a Null vector) (Fig. 2 A ) . Analysis of the cell lysate for CPT-11 and SN-38 demonstrated that the CPT-11 was converted effectively to its active metabolite SN-38 in the A549 cells infected with AdCMV.CE, but not in A549 cells infected with AdCMV.Null (Fig. 2 B ) .
Cytotoxicity. Comparison of the sensitivities of the naive and vector-modified A549 cells demonstrated that infection with AdCMV.CE shifted the sensitivity of the cells to lower levels of CPT-11 ( Fig. 3 A ) . In this regard, the IC 50 value for CPT-11 of the A549 cells infected with AdCMV.Null was 18.5 g/ml and that of naive A549 cells was 17.0 g/ml ( P Ͼ 0.05). In contrast, the IC 50 value for CPT-11 of the A549 cells infected with AdCMV.CE was 1.1 g/ml for 50 moi, 2.0 g/ml for 30 moi, and 2.5 g/ml for 10 moi ( P Ͻ 0.001, all comparisons to controls). Thus infection with the AdCMV.CE vector shifted the sensitivity to CPT-11 7 to 17-fold compared to that of naive or control virus infected cells, depending on the moi of the AdCMV.CE vector used to infect the cells. The change of the sensitivity of a total of 10 lung and nonlung cell lines were tested in a similar fashion. The ⌬ IC 50 values were different among the different cell lines ( ⌬ IC 50 1.2-7.5; Fig. 3 B ) , but in all cases AdCMV.CE transfer of the carboxylesterase cDNA was associated with an increased sensitivity of the cell line to CPT-11. These data are consistent with the increased sensitivity to CPT-11 of a rhabdomyosarcoma cell line after stable transfection of a CE plasmid (25) .
Bystander effect. To evaluate the bystander effect of the AdCMV.CE/CPT-11 strategy, A549 infected with AdCMV.CE or control virus were mixed in various percentages with uninfected cells in media containing CPT-11. The data demonstrated that after 72 h, when only 10% of cells had been infected with AdCMV.CE, there was 48% of growth suppression ( P Ͻ 0.05, compared to AdCMV.Null control; Fig. 4 A ) . At higher proportion of AdCMV.CE-infected cells, there was a corresponding decreased proportion of cells surviving ( P Ͻ 0.001, all comparisions to AdCMV.Null controls). These data suggested that infection with AdCMV.CE plus the addition of CPT-11 to the culture medium effectively induced a cytotoxicity to a larger number of A549 cells than the portion of the cells actually infected with the AdCMV.CE vector. To explore the bystander effect further, serial dilutions of media obtained from A549 cells infected with AdCMV.CE and exposed to CPT-11 were added to naive A549 cells (Fig. 4 B ) . This resulted in a dose-dependent decrease in cell cytotoxicity with a dilution of the supernatant 1:10 or less ( P Ͻ 0.05, all comparisons to AdCMV.Null control). In vivo function of AdCMV.CE. AdCMV.CE infection of A549-derived subcutaneous tumors in vivo demonstrated that the human carboxylesterase gene could be expressed in cells comprising solid tumors with reasonable efficiency from a single injection. First, Northern analysis revealed 1.7-kb mRNA transcripts of the carboxylesterase cDNA in tumors infected with AdCMV.CE (Fig. 5 A) . Second, carboxylesterase activity was increased with time after the infection of AdCMV.CE to tumor, with levels peaking 12-fold over baseline 3 d after infection, and continuing to be elevated for at least 2 wk, but not in tumors infected with control vector (Fig. 5 B) . Third, in vivo administration of AdCMV.CE plus CPT-11 to the tumor demonstrated that the CPT-11 was converted effectively to active metabolite, SN-38 in the tumor (Fig. 5 C) .
Consistent with the in vitro and in vivo studies with AdCMV.CE and CPT-11, administration of AdCMV.CE to tumors of A549 cells in nude mice together with local administration of CPT-11 resulted in a suppression of tumor growth compared to that in the control groups (Fig. 6 A) . In this regard, tumors in control groups, treated with AdCMV.CE without CPT-11 administration, tumors treated with control virus together with CPT-11, and tumors injected with PBS alone all showed similar growth curves over the 34 d of evaluation (P Ͼ 0.2, all comparisions, all time points). In contrast, tumor injected with AdCMV.CE with CPT-11 administration resulted in suppression of tumor growth, with 35% reduction in growth compared to controls at day 27 (P Ͻ 0.01, compared to all controls) and a 41% reduction in tumor growth at day 34 (P Ͻ 0.01, compared to all controls) following virus delivery. Significant reductions of tumor growth were also observed in H157 and HeLa tumor (Fig. 6, B and C) . No associated systemic toxicity (reflected as white blood cell count, platelets, body weight, and animal deaths) was seen from adenovirus infection nor from CPT-11 administration (Table I ). In addition, there are no differences between the groups in general alertness, the state of the skin coat, and food intake.
Discussion
Carboxylesterases (CE), 60-kD proteins of the serine esterase family, are widely distributed in different tissues with the highest activity found in hepatic microsomal fractions (13, 26) . The hydrolysis of carboxyl ester, amide, and thioester bonds in a variety of drugs and environmental chemicals by carboxylesterase is generally considered a housekeeping detoxification reaction, resulting in loss of biological activity of the drug/ chemical (13, 26, 27) . The present study capitalizes on the metabolic function of human carboxylesterase to convert the drug CPT-11 to its more active metabolite SN-38 as a gene therapy prodrug transfer strategy to inhibit tumor growth in vivo. Using a replication-deficient, recombinant adenovirus to transfer the human CE cDNA to tumor masses of human A549 lung carcinoma cells growing in the flanks of nude mice resulted in expression of the CE enzyme within the target tumor. The data also demonstrate that concomitant local administration of prodrug CPT-11 results in the conversion of CPT-11 to the ac- , the tumors were randomized to receive AdCMV.CE (10 9 pfu) followed by CPT-11 (n ϭ 9, ᭡) or PBS (n ϭ 8, ᮀ); AdCMV.Null (10 9 pfu) followed by CPT-11 (n ϭ 9, ᭝); or PBS only (n ϭ 8, ᭺). Virus or PBS was delivered intratumorally in a 100 l volume on day 8. After 24 h, the animals received once daily intratumoral injections of 100 l of CPT-11 (10 g/ml) or PBS until day 15. The data are expressed as the meanϮstandard error of the mean. (B) H157 tumors. The study was carried out as for panel A, with AdCMV.CE (10 9 pfu) followed by CPT-11 (n ϭ 10, ᭡) or PBS (n ϭ 10, ᮀ); AdCMV.Null (10 9 pfu) followed by CPT-11 (n ϭ 10, ᭝); or PBS only (n ϭ 10, ᭺). (C) HeLa tumors. The study was carried out as for panel A, with AdCMV.CE (10 9 pfu) followed by CPT-11 (n ϭ 10, ᭡) or PBS (n ϭ 10, ᮀ); AdCMV.Null (10 9 pfu) followed by CPT-11 (n ϭ 9, ᭝); or PBS only (n ϭ 10, ᭺). For all panels, the difference in size of tumor treated with AdCMV.CE followed by CPT-11 compared with other groups was significant at the times indicated by * (P Ͻ 0.05) and ** (P Ͻ 0.01). tive metabolite SN-38 in the local milieu, thus effectively suppressing local tumor growth without systemic toxicity. Chemotherapy with CPT-11. CPT-11 demonstrates significant antitumor activities against a broad spectrum of experimental tumors (6) (7) (8) (9) 28) . Based on animal and human studies, CPT-11 is now available in Japan for the treatement of lung, cervical, and ovarian cancer (1, 2, 5) , and in France and the US for colorectal cancer (29, 30) . CPT-11 is a promising anticancer agent with a unique mechanism of action, the inhibition of the DNA unwinding enzyme, topoisomerase I (6). The major problem with CPT-11 and the camptothecins in general as chemotherapeutic agents is the systemic toxicity associated with their use, particularly with granulocytopenia and diarrhea contributing to dose-limiting toxicity (10, 11) . Camptothecins can also damage DNA, thus evoking the specter of increased risk for malignancy associated with their use (31) . In a tumor growth model, we showed the suppression of the tumor growth using the only total of 7 g of CPT-11 for local injection, a dose Ͻ 1% of the intraperitoneal or intravenous systemic doses of CPT-11 required for suppression of experimental tumors in mice (6) .
Prodrug gene therapy with AdCMV.CE. All prodrug strategies of gene therapy are based on the theoretical concept that the systemic toxicity associated with chemotherapeutic agents might be minimized by transferring to the tumor, or surrounding tissues, an enzyme capable of converting an administrated prodrug to a toxic chemotherapeutic agent, thus achieving high concentrations of the toxic product only in the milieu of the tumor (32, 33) . Examples of this strategy include transfer of the herpes simplex thymidine kinase (hstk) gene to convert gancyclovir to active agents to suppress growth of glioma, mesothelioma, lung, hepatocellular carcinoma, pancreatic cancer, gastric cancer, and breast cancer (34) (35) (36) (37) (38) (39) (40) ; cytosine deaminase to convert 5-FC to 5-FU for the treatment of colorectal cancer (17, 24, (41) (42) (43) ; deoxycytidine kinase to convert ara-C to ara-CMP for the treatment of glioma (44); nitroreductase to activate CB1954 for colorectal cancer (45) ; and carboxypeptidase G2 to activate 4-[(2-chloroethyl) (2-mesyloxyethyl) amino] benzoyl-L-glutamic acid (CMDA) for ovarian cancer (46) . The present study demonstrates that by using an Ad vector to transfer the CE cDNA, CPT-11, a water-soluble camptothecin analogue, was incorporated after the injection to the tumor and converted to SN-38, with consequent antitumor effects.
One theoretical advantage of the AdCMV.CE/CPT-11 strategy is a bystander effect, where the active chemotherapeutic agent diffuses from the tumor cell in which it was produced to neighboring malignant cells in sufficient concentrations to suppress growth. In this regard, infection with AdCMV.CE and the addition of CPT-11 shifts the sensitivity of tumor cells in vitro to allow toxicity at seven to 17-fold lower doses of CPT-11, with as few as 10% of A549 cells infected with AdCMV.CE to result in cytotoxicity of as much as 48% of the total population of tumor cells. In the context that in vivo infection with gene transfer vectors have a limited effectiveness in the proportion of the total tumor cells that are infected (24, 41) , the current study serves as a paradigm for local adjuvant therapy for solid tumors, such as the treatment of intrabronchial tumors, lung tumor invading into the chest wall, and inoperable intrapulmonary tumors. In this context, the AdCMV.CE/CPT-11 system has a number of potential advantages for cancer gene therapy. First, the total dose of CPT-11 that could suppress the AdCMV.CE-infected tumor is well below the systemic administration dose, thus theoretically reducing the toxicity associated with the use of systemic CPT-11. Second, as opposed to herpes simplex thymidine kinase and other currently utilized chemosensitization genes, such as cytosine deaminase, CE is a human gene and thus will not likely be associated with significant anti-CE immunologic response in humans. Finally, although in vivo gene transfer vector systems continue to improve in efficiency, no currently available in vivo gene transfer vectors are capable of transferring a gene to all metastatic tumor cells. In this regard, the bystander effect demonstrated by AdCMV.CE/CPT-11 in combination with tissue-specific promoters could, theoretically, be useful for systemic control of advanced cancer.
